The heme-cytochrome P-450 complexes represent sensitive metabolic systems for examining the biological impact of metals on important cellular functions. Many metals, both in the inorganic form and bound to organic moieties, potently induce heme oxygenase, the rate limiting enzyme of heme degradation. The resulting increase in the rate of heme breakdown is reflected in a marked depression of cellular cytochrome P-450 content and impairment of the oxidative metabolism of natural and foreign chemicals dependent on this hemeprotein. Organometal complexes do not mimic in all their aspects the actions of the inorganic elements which they contain. For example, organotins, in contrast to inorganic tin, produce a prolonged induction response of heme oxygenase in the liver but not in the kidney. Co-protoporphyrin is a much more potent inducer of heme oxygenase in liver than is inorganic cobalt; and Sn-protoporphyrin inhibits heme oxygenase activity nearly completely, whereas inorganic tin is a powerful inducer of the renal enzyme. Contrasting effects on heme metabolism exist as well within the metalloporphyrin species as demonstrated by the effects in vivo of Co-protoporphyrin and Sn-protoporphyrin on heme oxygenase activity; the former induces the enzyme whereas the latter potently inhibits it. In vitro, however, both compounds competitively inhibit heme oxidation activity. These differences, among others which characterize metal actions in vivo and in vitro attest to the importance of pharmacokinetic, adaptive and other host factors in defining the responses of the heme-cytochrome P-450 systems to the impact of metals in the whole animal.
Introduction
Environmental chemicals can produce detrimental effects on cellular processes by perturbing the physiologic control mechanisms for important metabolic systems. The heme-cytochrome P-450 complexes, which play a central role in the oxidative metabolism or detoxification of many foreign chemicals (1) , are representative of such systems. The effects of many environmental chemicals on specific aspects of heme metabolism are moreover readily definable; for example, both &-aminolevulinate (ALA) synthase and heme oxygenase, the rate-limiting enzymes of heme synthesis (2) and degradation (3, 4) , respectively, are highly inducible enzymes, and the resultant alterations in their activities produced by many chemicals can elicit marked changes in cellular functions dependent on heme. Metals, both inorganic (5) as well as complexed to organic moieties (6) , represent a major category of environmental chemicals which can produce major perturbations of heme and cytochrome P-450 metabolism. Some examples of these metal actions are summarized in this report. (7, 8) .
Results

Effects of Inorganic Metals on Heme Metabolism
Cobalt and other trace elements, as well as certain heavy metals, are potent inducers of heme oxygenase in liver (5, 9) . The administration of cobalt to an animal produces a rapid rise in heme oxygenase activity which reaches a maximum at 16 hr ( Fig. 1 ) before gradually declining to initial levels by 72 hr (5) . This action appears to reflect metal induction of de novo synthesis of heme oxygenase (10) . Concurrent perturbations of ALA-synthase activity and a substantial depression of cytochrome P-450 content also occur (Fig. 1) . The perturbations in ALA-synthase are characterized by an early depression of enzyme activity followed by a "rebound" phenomenon (10) . The decline in cytochrome P-450 content is accompanied by parallel decreases in chemical biotransformations mediated by this hemeprotein. In addition to cobalt, inorganic elements such as nickel, platinum, cadmium, tin and chromium, among others, induce these marked but short-term alterations in heme metabolism (5) . The heme oxygenase inducing action of metals has been studied extensively in liver but also extends to other tissues (Fig. 2) . Administration of inorganic tin results in an especially marked increase of heme oxygenase in kidney (Fig. 2) .
The heme oxygenase inducing action of some inorganic metals can be blocked by other inorganic elements. For example, manganese when administered simultaneously with tin prevents the increase in heme oxygenase induced by the latter metal (Fig. 2) ; zinc also has the same blocking effect (11) . Manganese and zinc administration also prevents the decline in cytochrome P-450 content and the changes in ALA-synthase activity associated with tin administration. The blocking effect of these metals on heme oxygenase induction is lost 2.0 F 1.5 -when they are administered 10 min or more after the inducer element (Fig. 2 Figure 4 lasted for at least 3 weeks. The activities of cytochrome P-450 dependent enzymes paralleled the depression of cellular cytochrome P-450 content. In addition, the activity of ALA-synthase was markedly diminished throughout this time period. One metabolic consequence of Co-protoporphyrin administration in the rat is a rapid and profound suppression of peripheral endocrine secretions (data not shown).
Polyacrylamide gel electrophoresis of microsomal proteins from Co-protoporphyrin treated animals revealed a rapid loss of major bands in the region of Mr 50,000 to 55,000 compared with microsomes isolated from control animals (Fig. 5) . The loss of these bands in the region associated with various cytochrome P-450 species parallels the loss in cytochrome P-450 content. The relation of enhanced heme oxygenase activity and profoundly diminished levels of cytochrome P-450, to other expressions of cellular toxicity is not clear. Thus one metal inducer of heme oxygenase, indium, has been shown to produce significant morphological damage in liver (12); while Co-protoporphyrin, which produces more pronounced and sustained changes in heme oxygenase and cytochrome P-450, elicits no structural alterations in this organ (13) .
The ability of another metalloporphyrin tin protoporphyrin (Sn-protoporphyrin) to alter heme metabolic processes stands in marked contrast to the effects of Co-protoporphyrin. Sn-protoporphyrin has the property in vivo of potently inhibiting heme oxygenase activity in liver, kidney and spleen (Fig. 6 ) by acting as a competitive (nonmetabolized) substrate for the enzyme (14, 15 (Fig. 6 ). The ability of Sn-protoporphyrin to inhibit heme oxygenase in vivo for considerable periods of time has been explored in the neonate to determine whether this metalloporphyrin could prevent the developmental changes in heme degradation which characterize the postnatal period (16) and whether the metalloporphyrin could concomitantly suppress the hyperbilirubinemia which occurs at this time. As shown in Figure 7 , Sn-protoporphyrin administration in a single dose at birth produced a prompt decrease in hepatic heme oxygenase activity; low levels of enzyme activity were maintained throughout the 14-day study period; similar results were noted in kidney. Sn-protoporphyrin also prevented the normal postnatal increase of splenic heme oxygenase (Fig. 7) and produced a prompt (within 24 hr) decline in serum bilirubin to levels comparable to those in normal adult animals. Thus Sn-protoporphyrin proved to be highly effective in suppressing the hyperbilirubinemia that occurs in the immediate postnatal period in this species. Chromium protoporphyrin Co-protoporphyrin (Fig. 4) . Each time point represents the average of 12 (later points) to 30 (earlier points) neonates. The total bilirubin levels (inset) were determined fluorometrically on pooled serum samples of (e) control and (o) treated neonates as described earlier (14) . (Cr-protoporphyrin) exerts on neonatal jaundice (8) (Fig. 8) . Sn-protoporphyrir bilirubinemia associated wi anemias in mice (19) (Figs. 1 and 2) . Organification of the metal may lead to a marked prolongation of the induced perturbations in heme metabolism (Figs. 3 and 4) xygenase in the liver of adult male
The striking difference in potency of heme oxygenase were administered in a dose of 50 induction by inorganic cobalt (Fig. 1 ) and Cootoporphyrin was administered 30 protoporphyrin (Fig. 4) attests to this fact; as does the rhe route of administration was by . . .
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another agent, e.g., Co-protoporphyrin (Fig. 8 ) or in animals, i.e., neonates, in which the enzyme activity has been induced by the heme of hemoglobin derived from the postnatal lysis of fetal red cells. Sn-450 complexes provide sensiprotoporphyrin when administered immediately after cr studying the impact of birth has been successfully employed (14, 17) in the ar functions. Inorganic metlatter circumstance to suppress or prevent the metals (Table 1 and Fig. 3) hyperbilirubinemia that occurs in the neonate (Fig. 7) .
hyrins (Fig. 4) can all poThis action of Sn-protoporphyrin, which also extends to limiting enzyme of heme Cr-protoporphyrin (8) , affirms the suggestion made ase, resulting in an enhanced from this laboratory in 1975 (16) that it may be possible The associated depression of to approach, therapeutically, the problem of neonatal content and impairment of jaundice by considering means for suppressing the enhanced rates of tissue heme oxidation activity which characterize the newborn and which contribute to the hyperbilirubinemia which occurs in the neonatal period. Our initial clinical studies with Sn-protoporphyrin confirm that the ability of this compound to suppress excessive hyperbilirubinemia in animals also extends to humans (20) .
